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Over the past decade, a family of host proteins known as suppressors of cytokine signaling (SOCS) have
emerged as frequent targets of viral exploitation. Under physiologic circumstances, SOCS proteins negatively
regulate inflammatory signaling pathways by facilitating ubiquitination and proteosomal degradation of
pathway machinery. Their expression is tightly regulated to prevent excessive inflammation while maintaining
protective antipathogenic responses. Numerous viruses, however, have developed mechanisms to induce robust
host SOCS protein expression following infection, essentially “hijacking” SOCS function to promote virus
survival. To date, SOCS proteins have been shown to inhibit protective antiviral signaling pathways, allowing
viruses to evade the host immune response, and to ubiquitinate viral proteins, facilitating intracellular viral
trafficking and progeny virus assembly. Importantly, manipulation of SOCS proteins not only facilitates
progression of the viral life cycle but also powerfully shapes the presentation of viral disease. SOCS proteins
can define host susceptibility to infection, contribute to peripheral disease manifestations such as immune
dysfunction and cancer, and even modify the efficacy of therapeutic interventions. Looking toward the future,
it is clear that a better understanding of the role of SOCS proteins in viral diseases will be essential in our
struggle to modulate and even eliminate the pathogenic effects of viruses on the host.

Viruses possess a compact genome that is only sufficient to
encode the most essential viral proteins. Therefore, viruses
must rely on the host cell to supply a number of additional
proteins that are required for completion of the viral life cycle
in order to establish a productive infection. For example, vi-
ruses may require the use of host cell surface receptors to enter
a cell, DNA polymerases to replicate the viral genome, RNA
polymerases to transcribe viral genes, and translational ma-
chinery to produce viral proteins, as well as various other
cellular proteins to enhance intracellular trafficking of viral
components and to evade immune detection. Determining the
requirements for these cellular factors contributes not only to
our basic knowledge of the viral life cycle but also to our
understanding of viral disease. Viral dependency on a partic-
ular cellular protein can define the host range and cellular
tropism, contribute to the development of virus-associated pa-
thology, or even offer new therapeutic strategies. Considering
the current obstacles to successful treatment of many viral
illnesses, including human immunodeficiency virus type 1
(HIV-1) infection, identification of new targets cannot be over-
looked.

The suppressors of cytokine signaling (SOCS) family has
recently been identified as a group of host proteins that can be
exploited for viral benefit. Members of the SOCS family are
induced upon infection by a number of different viruses, in-
cluding HIV-1, hepatitis C virus (HCV), hepatitis B virus
(HBV), herpes simplex virus type 1 (HSV-1), respiratory syn-
cytial virus (RSV), Ebola virus, influenza A virus, and coxsack-

ievirus, and subsequently contribute to viral replication and
pathogenesis. This review will focus on the virally exploited
functions of SOCS proteins, as well as on the consequences of
these functions for viral disease and therapy.

SOCS PROTEIN STRUCTURE AND FUNCTION

The SOCS family of proteins contains eight members, the
cytokine-inducible SH2 domain-containing protein (CIS) and
SOCS1 to SOCS7. Each contains a central SH2 domain, a
C-terminal SOCS box, and an N-terminal domain of various
lengths and compositions (Fig. 1) (78). The SH2 domain de-
termines the target of each SOCS protein by binding specific
phosphorylated tyrosine residues on its preferred substrate.
Once bound, the SOCS box can interact with a complex con-
taining Elongins B and C, Cullin5, and RING-box-2 to form an
E3 ubiquitin ligase. By bringing the SH2-bound substrate into
close proximity with ubiquitinating machinery, SOCS proteins
facilitate the ubiquitination of target proteins, marking them
for degradation via the proteosome (51). Certain SOCS pro-
teins also harbor an additional effector domain in their N
termini. SOCS1 and SOCS3 contain a kinase inhibitory region
(KIR) that functions as a pseudosubstrate to inhibit kinase
activity. Collectively, this multifaceted structure provides for a
wide and rapidly growing range of biological effects.

The most well-described function of SOCS proteins is the
negative regulation of the JAK/STAT pathway (Fig. 2). In this
pathway, cytokine stimulation of cell surface receptors acti-
vates receptor-associated tyrosine kinases known as Janus ki-
nases (JAKs), which subsequently phosphorylate the receptor
cytoplasmic domain and lead to the recruitment of signal trans-
ducers and activators of transcription (STATs). Recruited
STATs are then activated by JAK phosphorylation, allowing
them to dimerize and enter the nucleus to induce the tran-

* Corresponding author. Mailing address: University of Alabama at
Birmingham, Department of Cell Biology, Tinsley Harrison Tower
Room 926, 1900 University Blvd., Birmingham, AL 35294-0006.
Phone: (205) 934-7667. Fax: (205) 975-6748. E-mail: tika@uab.edu.

� Published ahead of print on 17 November 2010.

1912



scription of target genes. SOCS proteins regulate this pathway
in a family member-specific manner, by binding specific sub-
strates within the JAK/STAT signaling receptor complex and
terminating pathway activation in one of three ways: (i) SOCS
box-mediated ubiquitination and degradation of bound recep-
tor components, (ii) competition with recruited STAT proteins
for shared phosphotyrosine residues, or (iii) KIR-mediated
inhibition of JAK activity (78). SOCS1 and SOCS3 are thought
to bind phosphotyrosine residues within the activation loop of
the JAK and/or nearby residues on the receptor cytoplasmic
domain and inhibit signal transduction through either their
KIRs or their SOCS boxes. In contrast, CIS and SOCS2 are
thought to bind phosphotyrosine residues on the cytoplasmic
domain of the receptor and compete with, or sterically hinder,
the binding of recruited STATs. Certain SOCS proteins have
also been reported to regulate additional signal transduction
pathways, although these functions have been less well de-
scribed. SOCS1 can inhibit the NF-�B pathway by binding the

FIG. 1. SOCS protein structure. All SOCS proteins contain a central
SH2 domain and a C-terminal SOCS box. The SH2 domain determines
the target of each SOCS protein by binding specific phosphorylated (P) ty-
rosine residues on its preferred substrate (commonly JAK proteins). The
SOCS box interacts with ubiquitinating machinery, including Elongin B
(EB), Elongin C (EC), Cullin5, RING-box-2 (Rbx2), and an E2 ubiquitin-
conjugating enzyme. By bringing the bound substrate into proximity with
ubiquitinating machinery, the SOCS protein facilitates ubiquitination
(U) of target proteins, thereby marking them for degradation by the
proteosome. Certain SOCS proteins also contain an N-terminal kinase
inhibitory region (KIR). The KIR is thought to function as a pseudosub-
strate to inhibit the kinase activity of proteins that are bound by, or in
close proximity to, the SOCS protein.

FIG. 2. SOCS proteins negatively regulate the JAK/STAT pathway. (A) Composition of selected JAK/STAT pathways. (B) Function of
JAK/STAT pathway. Cytokine stimulation of cell surface receptors activates receptor-associated JAK proteins by phosphorylation (P). Activated
JAKs phosphorylate receptor cytoplasmic domains (1), which leads to the recruitment of cytoplasmic STAT proteins (2). Recruited STATs are
activated by JAK phosphorylation (3), allowing them to dimerize (4) and enter the nucleus as a transcription factor complex to induce the
expression of target genes. Gene targets often include both immune effectors and SOCS proteins. (C) SOCS proteins. SOCS proteins negatively
regulate this pathway by binding specific substrates within the JAK/STAT receptor complex and terminating pathway activation in one of the
following ways: competition with recruited STAT proteins for shared phosphotyrosine residues (1), kinase inhibitory region (KIR)-mediated
inhibition of JAK activity (2), or SOCS box-mediated ubiquitination and degradation of bound receptor components (3).
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NF-�B subunit p65 (55) or one of the upstream signaling
components, MAL (36) or IRAK (14, 42), and targeting them
for ubiquitination and degradation by the proteosome. SOCS1
can also induce the proteosomal degradation of ASK1 (25), an
upstream activator of JNK and p38, thereby inhibiting these
arms of the MAPK pathway. SOCS3 can inhibit both the
NF-�B and JNK/p38 pathways by binding the upstream signal-
ing molecule TRAF6 and preventing its association with, and
activation of, TAK1 (20). Together, these SOCS protein func-
tions limit excessive pathway activation and shape complex
signaling responses.

As a critical regulator of multiple signal transduction path-
ways, SOCS protein expression is carefully regulated in a cell
type- and stimulus-specific manner (32). SOCS proteins are
most classically induced by cytokine stimulation of the JAK/
STAT pathway (Fig. 2B), creating a negative feedback loop to
limit excessive inflammation (Fig. 2C). However, their expres-
sion can also be induced following activation of the NF-�B or
MAPK pathway and in response to a variety of stimuli, includ-
ing lipopolysaccharide (LPS), tumor necrosis factor alpha
(TNF-�), isoproterenol, and statins. In most cases, transcrip-
tional activation is the sole mechanism for enhancing SOCS
levels, although TNF-� has been shown to promote SOCS3
mRNA stability (15). Additionally, the short half-life of SOCS
proteins (typically 1 to 2 h) can be altered by phosphorylation
(21) or ubiquitination (58) and by association with the serine/
threonine kinase PIM1 (9, 48) or other SOCS proteins. By
tightly controlling SOCS protein levels, these mechanisms pro-
vide for optimal pathway activation in a variety of cellular
contexts.

Viruses, however, can independently induce SOCS proteins
and exploit their functions to promote viral replication (Table
1). Enhanced SOCS expression can inhibit the normal function
of JAK/STAT-regulated pathways, most notably those critical
for initiating innate and adaptive antiviral immune responses.
SOCS box activity can also be utilized to ubiquitinate viral
proteins, thereby facilitating the intracellular trafficking of viral
proteins required for progeny virus particle production. These
“hijacked” host functions provide significant benefits to viral

pathogens and are critical for understanding both viral repli-
cation and disease.

VIRALLY EXPLOITED FUNCTIONS
OF SOCS PROTEINS

JAK/STAT pathway inhibition provides for viral immune
evasion. Viral infection results in a robust and multifaceted
host immune response. The rapid, nonspecific innate immune
response is primarily driven by the virally induced expression
of the type I interferons (IFNs) alpha interferon (IFN-�) and
IFN-�. Type I IFNs exert their effects by signaling through the
JAK/STAT pathway to induce the transcription of multiple
antiviral targets (65). Following IFN stimulation of the cell
surface receptor subunits IFN-�/� receptor 1 (IFNAR1) and
IFNAR2, receptor-associated JAKs (JAK1 and TYK2) recruit
and phosphorylate cytoplasmic STAT1 and STAT2. The
STAT1-STAT2 heterodimer associates with IFN-regulatory
factor 9 (IRF9) to form IFN-stimulated gene factor 3 (ISGF3),
which enters the nucleus and binds IFN-stimulated regulatory
elements (ISRE) in the promoters of hundreds of antiviral
IFN-stimulated genes (ISGs) to induce their expression (Fig.
2A). Some of the most well-studied antiviral ISGs include the
double-stranded-RNA-dependent protein kinase (PKR),
which inhibits viral protein translation, 2�,5�-oligoadenylate
synthetase (OAS), which results in viral RNA cleavage, and the
Mx proteins, which interfere with viral transcription. Collec-
tively, ISGs have been shown to inhibit every stage of viral
replication, from viral entry and uncoating to assembly and
release, providing the host with formidable protection against
viral infection.

Following the innate immune response is the slower, anti-
gen-specific adaptive immune response. Adaptive immunity to
viral infection requires the balanced effects of both cytotoxic T
lymphocytes (CTLs; CD8� T cells) and B cell-generated anti-
bodies, the actions of which are orchestrated by CD4� T cells
(67). CTLs target virally infected cells after recognizing viral
antigens presented on the cell surface in the context of major
histocompatibility complex class I (MHC-I) molecules. CTLs

TABLE 1. Viruses induce SOCS proteins and exploit their functions to promote viral replication

Virus SOCS protein Functiona

Coxsackievirus SOCS1 Inhibits IFN-�, IFN-�, and CT-1 signaling
SOCS3 Inhibits CT-1 signaling

Ebola virus SOCS1 May ubiquitinate VP40 to enhance progeny virus production
HBV SOCS1 Inhibits IFN-� production

SOCS3 Inhibits IFN-� production
HCV SOCS1 Increased expression in T cells decreases T cell activation and IFN-� production; decreased

expression in B cells increases B cell activation, proliferation, and Ab production
SOCS3 Inhibits IFN-� signaling

HSV-1 SOCS1 Inhibits IFN-� signaling
SOCS3 Inhibits IFN-� and IFN-� signaling and IFN-� production

HIV-1 SOCS1 Ubiquitinates HIV-1 Gag to enhance progeny virus production
SOCS1/SOCS3 Inhibits IL-4 to prevent Ab class switching; inhibits IL-10 to prevent Ab production
SOCS2 Inhibits IFN-� signaling
SOCS3 Inhibits IFN-� signaling

Influenza virus SOCS3 Inhibits IFN-� signaling
RSV CIS Inhibits IFN-� signaling

SOCS1 Inhibits IFN-� signaling
SOCS3 Inhibits IFN-� signaling

a Ab, antibody.
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proliferate in response to antigen recognition and CD4� T cell
help and act to eradicate viruses from these cells either
through a lytic mechanism involving perforins and granzymes
or through a nonlytic mechanism involving production of the
antiviral cytokine IFN-�. In contrast, B cell-generated antibod-
ies typically target cell-free viruses. B cells that recognize virus-
specific antigens proliferate in response to antigen recognition
and CD4� T cell help and generate antibodies capable of
binding specific viral epitopes. These virus-specific antibodies
can neutralize or promote aggregation of cell-free viruses, pre-
venting further infection of cells, or target virally infected cells
for destruction by complement- or natural killer cell-depen-
dent mechanisms. The functions of these two arms of the
adaptive immune response complement each other, and both
are necessary for effective virus control.

When functioning properly, the innate and adaptive immune
systems prevent productive viral infection. In response, viral
evolution has favored the acquisition of a number of different
immune evasion mechanisms (67). Viruses can prevent IFN
production, IFN signaling, or the function of antiviral ISGs,
limit the production of CTLs and their ability to recognize
virally infected targets, or rapidly mutate epitopes recognized
by neutralizing antibodies. Often viruses use multiple methods
of immune evasion, highlighting the importance of this func-
tion for survival.

(i) Innate immunity. The obvious potential of SOCS pro-
teins to inhibit the innate immune response to viral infection
was recognized only shortly after the initial descriptions of
SOCS functions. Through the use of overexpression studies,
Song and Shuai determined that SOCS1 and SOCS3, but not
SOCS2, could attenuate both type I (IFN-�) and type II
(IFN-�) IFN signaling through the JAK/STAT pathway (63).
They showed that exogenously expressed SOCS1 and SOCS3
were sufficient to inhibit not only IFN-induced phosphoryla-
tion and nuclear translocation of STAT1 but also the antiviral
effect of IFN on vesicular stomatitis virus infection. Much
later, the observation that SOCS1 knockout mice were ex-
tremely resistant to Semliki Forest virus infection provided
confirmation that endogenously expressed SOCS proteins play
an important role in regulating innate antiviral immunity.
Hertzog and colleagues reported that SOCS1 deficiency re-
sulted in decreased viral load and increased host survival fol-
lowing viral infection, which was reversed in the presence of
IFNAR1 deficiency or upon treatment with IFN-�/�-neutral-
izing antibodies, indicating both that type I IFNs are critical to
the endogenous antiviral response and that SOCS1 functions
to inhibit them (16). Further studies indicated that SOCS1
exerted these effects, at least in part, by directly binding
IFNAR1 to inhibit STAT1 phosphorylation and the expression
of the antiviral target gene OAS. Collectively, these studies
provided evidence that SOCS proteins are capable of damp-
ening the antiviral effects of IFNs by disrupting JAK/STAT
signaling within the host cell.

It was not long before it was recognized that viruses could
hijack host SOCS proteins to manipulate antiviral IFN signal-
ing to their advantage. HCV, a small, positive-sense, single-
stranded RNA (ssRNA) virus that infects hepatocytes of the
liver to cause liver inflammation (hepatitis), was the first virus
reported to independently induce SOCS expression. Notably,
HCV was already well known for its effective suppression of

the host antiviral immune response, as evidenced by its pro-
pensity for establishing a chronic, lifelong infection in approx-
imately 80% of cases (5). But the contribution of SOCS pro-
teins to HCV’s immune evasion arsenal was not described until
2003 by Bode et al. (6). Their early studies showed that over-
expression of the HCV core protein induced SOCS3 expres-
sion in HepG2 cells, which correlated with inhibition of IFN-
�-induced STAT1 activation, nuclear translocation, and DNA
binding (6). The authors further showed that HCV core pro-
tein was sufficient to enhance the replication of an experimen-
tal influenza virus engineered to lack its own IFN antagonist,
suggesting that HCV core protein-induced SOCS3 was capable
of inhibiting the antiviral type I IFN response through disrup-
tion of the JAK/STAT pathway. Later studies confirmed that
SOCS3 expression was also increased in HCV-infected HepG2
cells and in the peripheral lymphocytes of patients infected
with HCV compared to those of healthy controls (49). While a
number of subsequent studies gave further support to the role
of HCV-induced SOCS3 in viral persistence (29, 50), not all
reports are consistent. Limited studies indicate that SOCS1
expression, but not SOCS3 expression, is increased in the he-
patic tissues of patients with chronic HCV infection (26). An-
other reports that in OR6 cells and JFH1-infected Huh7.5.1
cells, SOCS3 expression inhibits HCV replication in an
mTOR-dependent manner (60). While the factors contributing
to these discrepancies are not yet clear, the bulk of the litera-
ture continues to suggest that enhanced expression of SOCS
proteins during HCV infection dramatically impairs innate an-
tiviral signaling, which contributes not only to the chronicity of
HCV infection but also to the decreased response of patients
to exogenous IFN therapy, which will be described further
below.

HIV-1, a virus which infects CD4� T cells and monocytes/
macrophages, thereby causing devastating immunodeficiency
of the host, has also been shown to induce SOCS proteins in
order to suppress antiviral innate immunity. HIV-1 is a rela-
tively large retrovirus with a complex immune evasion strategy,
including the production of multiple viral accessory proteins
(Vif, Nef, Vpu, and Vpr) designed specifically to thwart innate
immunity (35). Studies performed in our lab have determined
that HIV-1 Tat, a regulatory protein whose primary function is
to enhance viral transcription by recruiting transcription fac-
tors to the HIV-1 promoter, also contributes to HIV-1 immune
evasion by inducing SOCS3 expression (2). HIV-1 Tat-induced
SOCS3 attenuated IFN-� signaling in macrophages both up-
stream, at the level of STAT1 and STAT2 activation, and
downstream, at the level of PKR and ISG20 antiviral gene
expression. In vitro, SOCS3 expression was sufficient to over-
come the inhibitory effect of IFN-� and enhance HIV-1 rep-
lication in macrophages, while in vivo, SOCS3 expression in the
central nervous systems (CNSs) of simian immunodeficiency
virus (SIV)-infected macaques correlated with increases in
CNS SIV replication and the onset of CNS disease. These
studies suggest that HIV-1 Tat-induced SOCS3 disrupts pro-
tective type I IFN signaling within macrophages, allowing for
enhanced viral replication and viral pathogenesis. HIV-1 Tat
has also been shown to attenuate type II IFN signaling in
human monocytes in a SOCS2-dependent manner (10). This
finding has significant implications for protection from bacte-
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rial and parasitic infections that are common in the context of
HIV-1 infection and will be described further below.

HSV-1 is a large DNA virus that chronically infects its hosts
through evasion of antiviral immunity and latency (46). HSV-1
initially infects and replicates within keratinocytes of the skin
and then subsequently establishes a more long-term, latent
infection within adjacent neurons, where it is hidden from
immune surveillance. Periodically, HSV-1 will become acti-
vated by external stimuli and productively reinfect nearby ke-
ratinocytes, resulting in skin-damaging lesions. Interestingly,
SOCS proteins have been shown to contribute to HSV-1 im-
mune evasion in multiple ways. SOCS3 is induced by HSV-1 in
a number of cell lines through a mechanism that involves the
viral tegument proteins UL41 and UL13 and STAT3 (76, 77).
In cells which are capable of expressing SOCS3, HSV-1 is
sufficient to inhibit IFN-�-induced STAT1 phosphorylation
and downstream OAS production and establish a rapidly prop-
agating infection (76). However, in cells that do not express
SOCS3 in response to HSV-1, or when SOCS3 expression is
inhibited with STAT3 or SOCS3 antagonists, viral replication
is attenuated. This attenuation is rescued following treatment
with IFN-�/�-neutralizing antibodies, indicating that HSV-1-
induced SOCS3 is sufficient to inhibit antiviral type I IFN
signaling, thereby enhancing viral replication (76). Notably, in
addition to targeting IFN signaling, HSV-1-induced SOCS3
has also been shown to inhibit IFN-� production. During a
typical antiviral response, IFN-� is initially expressed and in-
duces the JAK/STAT-dependent production of IRF7. IRF7
then induces the expression of IFN-� to amplify the innate
immune response (59). Interestingly, viruses that can induce
sufficient SOCS3 also inhibit production of the IRF7 protein
and downstream IFN-� transcription, while viruses deficient in
the SOCS3-inducing tegument proteins UL41 and UL13 do
not (77). Collectively, these studies show that HSV-1-induced
SOCS3 can inhibit both the production and signal transduction
of antiviral type I IFNs by disrupting the JAK/STAT pathway.
In addition to type I IFNs, type II IFNs are also critical anti-
viral agents during HSV-1 infection that promote the estab-
lishment of latency (13). Importantly, type II IFNs are not
sufficient to perform this function during the initial period of
viral replication or during periodic outbreaks in keratinocytes.
HSV-1 has been shown to induce the expression of SOCS1
specifically in HEL-30 keratinocytes but not in other cells such
as L929 fibroblasts (18). HSV-1-induced SOCS1 expression
correlates with inhibition of IFN-�-induced STAT1 activation
and enhanced viral replication in keratinocytes. However, the
antiviral effect of IFN-� on HSV-1 replication is restored in the
presence of a SOCS1 antagonist, indicating that the selective
expression of HSV-1-induced SOCS1 in keratinocytes inhibits
the antiviral and latency-promoting effects of type II IFNs.
Notably, induction of either SOCS1 or SOCS3 by HSV-1 is cell
type specific. In the examples described above, the innate im-
mune evasion provided by SOCS expression within a particular
cell type is critical for defining the susceptibility of that cell to
HSV-1 infection. Because the ability to evade innate immunity
is required for establishing a productive viral infection, SOCS
expression within a particular cell type has significant implica-
tions for the permissiveness of a wide range of cells to viral
infection. This common theme will be explored in further ex-
amples below.

Innate immune defense mechanisms present within cardio-
myocytes of the heart are not driven by IFNs alone but also by
cardiotropin-1 (CT-1) (62), an interleukin-6 (IL-6) family
member that signals through the JAK/STAT pathway follow-
ing activation of the gp130 receptor subunit (Fig. 2A). Cox-
sackievirus, a positive-sense ssRNA enterovirus, has a propen-
sity for infecting cardiomyocytes, often leading to severe
inflammation of the heart tissue (myocarditis), heart damage
(cardiomyopathy), and heart failure. Studies performed by
Knowlton and colleagues (75) that show that coxsackievirus
can induce the expression of SOCS1 and SOCS3 have impli-
cated both of these SOCS proteins in the ability of coxsack-
ievirus to evade antiviral immune responses within the cardi-
omyocyte and establish a productive infection. Early studies
focused on the role of SOCS1 in this process (75). SOCS1 was
found to prevent cardiomyocyte protection by IFN-�, IFN-�,
and CT-1 when overexpressed in vitro and to attenuate STAT1
and STAT3 activation, as well as to enhance viral replication,
heart damage, and mortality when overexpressed in a cardiom-
yocyte-specific transgenic mouse in vivo. Furthermore, injec-
tion of a dominant negative SOCS1 (dnSOCS1) construct into
the heart prevented virus-induced heart damage. These studies
suggested that coxsackievirus-induced SOCS1 could inhibit an-
tiviral innate immunity initiated through either the IFN or
gp130 receptor, thereby enhancing replication-induced dam-
age of cardiomyocytes. Later, studies focusing on SOCS3 pro-
vided a more complete understanding of innate immune pro-
tection in these cells (73). SOCS3 overexpression in a
cardiomyocyte-specific transgenic mouse resulted in increased
viral load, heart damage, and mortality following coxsackievi-
rus infection. These results, which were similar to those of its
SOCS1 counterpart, suggested that SOCS3 was also capable of
dramatically inhibiting innate immunity. However, SOCS3
overexpression in vitro was only sufficient to prevent STAT3
phosphorylation and cardiomyocyte protection by CT-1 and
not by IFN-� or IFN-�, suggesting that CT-1 signaling through
the gp130 receptor, rather than IFN signaling, is the critical
mediator of innate immunity in cardiomyocytes. The authors
further showed that CT-1 protects cardiomyocytes without
suppressing viral replication, by preventing coxsackievirus-in-
duced dystrophin cleavage and disruption of the cell mem-
brane in a STAT3-dependent manner. These data indicate that
SOCS1 and SOCS3 contribute to coxsackievirus immune eva-
sion by attenuating JAK/STAT signaling through the gp130
receptor and that virally induced SOCS proteins are sufficient
to inhibit even this alternative innate immune mechanism.

Additional viruses follow this well-established pattern and
induce various SOCS proteins for the purpose of inhibiting
host innate immune defenses. Influenza A virus (47, 52), RSV
(24, 79), and HBV (30, 72) (Table 1) are just a few examples
of viruses that benefit in this manner by exploiting SOCS pro-
tein function. It is likely that the discovery of others will soon
follow.

(ii) Adaptive immunity. SOCS-mediated inhibition of the
JAK/STAT pathway can also be used by viruses to evade the
adaptive immune response. As described above, antibody pro-
duction by B cells is a critical component of the comprehensive
immune response to viral infection. For antibodies to be fully
effective, they must be capable of neutralizing viruses at portal
sites of entry, including the respiratory, intestinal, and genital
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mucosa, in addition to the systemic circulation. To achieve this
type of response, B cells must be competent to undergo class
switch recombination to produce antibodies containing the
multifunctional IgA, IgG, or IgE heavy chain rather than the
IgM heavy chain, which has only limited potential. This switch
requires T cell-dependent activation of B cells through the
NF-�B and JAK/STAT pathways (66). In the context of HIV-1
infection, however, the HIV-1 accessory protein Nef is se-
creted by infected cells and accumulates within B cells to up-
regulate inhibitors of these pathways (53). Nef-induced SOCS1
and SOCS3 inhibit IL-4-induced STAT6 activation (Fig. 2A),
and Nef-induced I�B� inhibits CD40L-induced NF-�B activa-
tion, effectively preventing class switch recombination in B
cells. Antibody production is also dependent on JAK/STAT
signaling via IL-10 activation of STAT1 and STAT3 (Fig. 2A).
HIV-1 Nef-induced SOCS proteins are also sufficient to inhibit
this pathway, thereby inhibiting both the quantity and efficacy
of B cell-generated antibodies. In light of studies indicating
that robust neutralizing-antibody responses may be responsible
for the dramatically slowed disease progression found in a
select group of HIV-1-infected individuals termed long-term
nonprogressors (7), this role of SOCS proteins is troubling.

HCV-induced alterations in SOCS proteins also have a dra-
matic effect on lymphocytes of the adaptive immune system.
Stimulation of CD8� T cells with HCV core protein results in
an increase in SOCS1 protein (74). This is accompanied by
decreases in STAT1 activation, markers of general T cell ac-
tivation, and JAK/STAT-mediated IFN-� production, a re-
sponse which greatly impedes the ability of CTLs to effectively
clear viruses and promotes chronic HCV infection. In contrast,
HCV core protein decreases the levels of SOCS1 in B cells (39,
74). This decrease correlates with increased STAT1 activation
and markers of general B cell activation, as well as increased B
cell proliferation and antibody (IgM and IgG) production.
While it may seem counterintuitive for a viral protein to pro-
mote “enhancement” of an immune cell compartment, the
clonal B cell proliferation and antibody production that result
are relatively ineffective for viral neutralization. Furthermore,
this clonal expansion of B cell populations can also lead to
important complications of chronic HCV infection, which are
further described below.

SOCS box-mediated ubiquitination promotes intracellular
viral trafficking. To achieve successful viral replication culmi-
nating in the production of progeny virus particles, viruses
must move considerable distances within the host cell. Viruses
must traverse the host cell membrane, transport their genomes
to locations within the cytoplasm or nucleus for replication and
transcription, and coordinate the movement of both their ge-
nome and translated viral proteins to specific locations at the
plasma membrane for viral particle assembly before finally
budding from the cell surface. To achieve these complex move-
ments, viruses hijack the intrinsic transport machinery of the
host cell, using the intracellular scaffold of actin microfilaments
and microtubules, as well as associated kinesin and dynein
motor complexes, to traffic their components throughout the
cell and thereby facilitate their own propagation (41). While
early studies suggested that viral components could interact
directly with host transport machinery, more-recent studies
have indicated that additional host proteins are required to
facilitate these interactions.

Yamamoto and colleagues were the first to report that
SOCS proteins play a role in promoting intracellular trafficking
of viral proteins and therefore viral egress from the host cell.
They showed that HIV-1 infection could induce the expression
of SOCS1 in T cells, which led to enhanced HIV-1 replication
and virion production in the absence of enhanced HIV-1 tran-
scription (56). Further analysis indicated that SOCS1 achieved
this effect by enhancing microtubule stability and facilitating
microtubule-dependent trafficking of the HIV-1 structural pro-
tein Gag to the plasma membrane for viral particle assembly
(43). SOCS1 directly binds Gag via its SH2 domain and ubiq-
uitinates this viral substrate via its SOCS box, thereby promot-
ing association of Gag with microtubules and enhancing its
stability and trafficking. HIV-1 infection studies performed in
the absence of SOCS1 yielded decreased Gag ubiquitination
and Gag protein levels, as well as a decrease in subsequent
particle release (43). Overexpression of SOCS3 in T cells was
not sufficient to reproduce these results, indicating that the
effects of SOCS1 on trafficking of viral proteins are family
member-specific. Importantly, these reports describe the first
SOCS-mediated enhancements of viral replication indepen-
dent of immune evasion or JAK/STAT pathway inhibition.

Although HIV-1 is the only virus for which this process has
been well described, recent studies with Ebola virus have sug-
gested that this may represent a more common mechanism.
Ebola virus is a negative-sense ssRNA virus that leads to the
development of Ebola hemorrhagic fever. This virus disrupts
both vascular integrity and effective coagulation by infecting
endothelial cells and hepatocytes, respectively, resulting in the
rapid leakage of blood through vessel walls and ultimately in
hypovolemic shock. Glycoproteins on the Ebola virus particle
surface can activate signaling downstream of Toll-like receptor
4 (TLR4), leading to the production of SOCS1 (45). Because
TLR4 stimulation has previously been shown to increase Ebola
virus production, and because ubiquitination of the Ebola virus
structural protein VP40 has been shown to enhance virus bud-
ding, Harty and colleagues hypothesized that SOCS1 may
ubiquitinate VP40 and thereby facilitate viral particle produc-
tion (45). The authors cited preliminary results (not presented
in the manuscript) that suggest that SOCS1 does ubiquitinate
VP40, resulting in a modest increase in viral egress. Further
studies will be needed to evaluate whether SOCS1-mediated
ubiquitination plays a critical role in promoting intracellular
trafficking and therefore viral particle production for Ebola
virus or other viruses.

EFFECTS OF SOCS EXPRESSION ON VIRAL DISEASE

Susceptibility to viral infection. When the host innate im-
mune response is fully functional, a virus cannot establish a
productive infection. Therefore, to achieve successful infection
in a particular host or cell type, viruses must be able to at least
partially circumvent the IFN response in that environment.
Differences in the ability of a given virus to overcome this
response in various hosts or cell types can contribute to differ-
ences in susceptibility to viral infection. Two of the most cur-
rent examples of this phenomenon involve HIV-1. While
HIV-1 readily infects human T cells and monocytes/macro-
phages, it is not capable of infecting cells of the rhesus ma-
caque. Macaque infection is prevented by TRIM5�, an IFN-
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induced antiviral protein present in the macaque cell
cytoplasm that recognizes a motif in the HIV-1 capsid and
interferes with proper uncoating (68). Human cells contain a
slightly different version of TRIM5� that is not capable of
inhibiting HIV-1, whereas SIV is less sensitive to the macaque
TRIM protein, thereby allowing each retrovirus to infect its
preferred host without innate immune interference. The effi-
cacy of apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3G (APOBEC3G), another IFN-inducible an-
tiviral protein, can determine the cell type specificity of HIV-1
infection (11). APOBEC3G can inhibit HIV-1 replication in
three ways: (i) by inhibiting reverse transcription, (ii) by induc-
ing G-to-A hypermutation, and (iii) by inhibiting integration.
However, the ability of APOBEC3G to perform these func-
tions is highly dependent on its assembly state in a particular
cell, with its arrangement in low-molecular-mass (LMM) ribo-
nucleoprotein complexes being permissive for full inhibitory
function and its arrangement in high-molecular-mass (HMM)
complexes being nonpermissive. Consequently, resting CD4�

T cells in the peripheral blood that contain LMM complexes
cannot be productively infected, while the same cells in lym-
phoid tissues containing HMM complexes are readily infected
by HIV-1 (12, 31). Similarly, LMM complexes are converted to
HMM complexes during monocyte differentiation to macro-
phages, which parallels an increase in HIV-1 infectivity (12).
Clearly the ability of a virus to overcome host IFN responses is
a critical predictor of permissiveness to infection.

In this regard, the cell type specificity of SOCS expression
can determine susceptibility to infection. RSV, a negative-
sense ssRNA virus, is an interesting example of this phenom-
enon. RSV causes a severe respiratory tract infection in its
host, targeting both pulmonary epithelial cells and macro-
phages. However, differences in the ability of RSV to produc-
tively infect cells of the monocyte/macrophage lineage have
been tied to SOCS expression. While RSV can induce the
expression of SOCS1, SOCS3, and CIS and establish a success-
ful infection in macrophages (phorbol myristate acetate
[PMA]-differentiated U937 cells), it is not capable of SOCS
expression or infection in monocytes (undifferentiated U937
cells) (79). A subsequent report showed that knockdown of any
of these SOCS proteins in cells susceptible to infection resulted
in an increase in STAT1/2 phosphorylation and expression of
the IFN-induced antiviral target gene OAS, as well as a cor-
relating decrease in RSV replication (24). These studies sug-
gest that SOCS expression contributes to the differences in
permissiveness to RSV infection that accompany the cellular
differentiation state of macrophages.

HIV-1-induced SOCS expression has also been shown to
play a role in permitting infection. Wahl and colleagues ob-
served that tonsil mucosal associated lymphoid tissues are
much more susceptible to HIV-1 infection than peripheral
blood mononuclear cells (PBMCs), in part due to the in-
creased levels of SOCS1 and SOCS3 present in these tissues
(40). Increased SOCS expression in tonsil tissues, both consti-
tutively and in response to HIV-1 infection, correlated with
decreased STAT1 activation in response to IFN-� and a de-
creased TH1 response in the presence of IFN-�. These studies
suggest that SOCS expression may contribute to determining
susceptibility to HIV-1 infection by inhibiting both the innate
and adaptive immune responses to infection. In addition, stud-

ies from our lab show that HIV-1 Tat-induced SOCS3 expres-
sion is more selective for cells of macrophage lineage than for
other CNS cells examined, such as astrocytes and neurons (2).
The mechanism behind this specificity requires further study
but may involve differential surface receptor expression or
pathway activation between cell types. It is intriguing to note,
however, that the cell types in which Tat is able to induce
SOCS3 and thereby overcome the innate antiviral response are
synonymous with those able to support a productive infection
of HIV-1 within the brain (i.e., macrophages and microglia).
Although further studies are required in this area, it is enticing
to speculate that Tat-induced SOCS3 may contribute to deter-
mining permissiveness for HIV-1 infection in the brain.

Virus-associated diseases. SOCS proteins are induced by
viruses to promote the successful completion of their own life
cycles. However, aberrant SOCS expression can also power-
fully shape the overall presentation of viral disease by contrib-
uting to the peripheral manifestations of viral infection. For
example, while the direct result of HIV-1 replication is CD4�

T cell death, the most well-recognized manifestation of HIV-1
disease may be infection with opportunistic pathogens such as
mycobacteria, protozoa, and fungi. These pathogens are
cleared in the immunocompetent host primarily by T cell-
mediated IFN-� signaling. While decreased T cell numbers in
the HIV-1-infected host certainly hinder proper clearance, it
has been shown that even exogenously supplied IFN-� is not
fully effective (4), suggesting that nonproductive signaling is
also at fault. SOCS1 and SOCS3 expression during Mycobac-
terium avium infection has been shown to correlate with de-
creased STAT1 activation and failed clearance following
IFN-� treatment (69). It seems likely that HIV-1-induced
SOCS1 and SOCS3 proteins function similarly during coinfec-
tion to provide a safe haven for M. avium by inhibiting IFN-�
signaling. Furthermore, HIV-1 Tat-induced SOCS2 has also
been reported to inhibit IFN-� signaling in monocytes (10).
Cheng et al. recently showed that HIV-1 Tat is sufficient to
dampen both STAT1 activation and downstream target gene
expression in response to IFN-� but that this protective im-
mune response is restored following knockdown of SOCS2
(10). Although the authors of this study did not evaluate the
effect of Tat-induced SOCS2 on pathogen clearance, these
data suggest that multiple HIV-1-induced SOCS proteins may
promote secondary infections by inhibiting the antipathogenic
effects of IFN-�.

Patients with chronic HCV infection experience multiple
associated diseases, several of which have been linked to SOCS
protein expression. A propensity toward glucose intolerance
and type II diabetes mellitus has been documented (37, 38)
and is thought to result from reduced expression of insulin
receptor substrates 1 (IRS1) and IRS2 during chronic HCV
disease (27). White and colleagues have shown that overex-
pressed SOCS1 and SOCS3 are capable of binding both IRS
proteins and targeting them for ubiquitination and proteoso-
mal degradation in a SOCS box-dependent manner (54). Fur-
thermore, liver-specific overexpression of SOCS1 in a mouse
model in vivo also reduced IRS1 and IRS2 protein levels and
subsequently led to insulin resistance (54). A later report pro-
vided evidence that overexpression of the HCV core protein,
either in vitro or in vivo, could promote a similar decrease in
IRS1 and IRS2 expression but only following the induction of
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SOCS3 (27). These data suggest that HCV-induced SOCS3
can target critical IRS proteins for proteosomal degradation,
thereby contributing to the glucose intolerance characteristic
of HCV infection. Recent studies demonstrate that HBV-in-
duced SOCS3 can also mediate the ubiquitination of IRS1 and
thereby inhibit insulin signaling (28). Although limited, these
results suggest that SOCS-induced dysfunction of insulin sig-
naling may be a broader phenomenon.

While most reports have focused on HCV-induced increases
in SOCS protein expression, several have shown that HCV-
related decreases in SOCS proteins within specific cell types or
tissue regions may also be associated with disease. A major
extrahepatic manifestation of HCV infection affecting 30 to
50% of patients is mixed cryoglobulinemia, which is caused by
rampant overproduction of monoclonal or polyclonal IgM and
IgG antibodies by B cells (8). Another associated disease,
known as non-Hodgkin lymphoma, results directly from aber-
rant B cell proliferation (70). As previously mentioned, SOCS1
is decreased in B cells taken from HCV-infected patients (39)
or those incubated with HCV core protein in vitro (74). De-
creased SOCS1 expression correlates with increased STAT1
activation and with increases in both B cell proliferation and
IgM/IgG production. Therefore, HCV-induced decreases in
SOCS1 expression in B cells may promote B cell dysregulation
and clonal expansion, leading to the lymphoproliferative dis-
orders characteristic of HCV infection.

Patients with chronic HCV infection also display a propen-
sity toward hepatocellular carcinoma (HCC) (33). Interest-
ingly, while HCV infection has been shown in a number of
studies to increase SOCS1 and SOCS3 expression in hepato-
cytes to promote viral replication, HCV-induced decreases in
these SOCS proteins tend to correlate with hepatocarcinogen-
esis. A report by Yoshimura and colleagues provides some
resolution to this conflict by establishing that SOCS3 levels are
increased in the livers of patients with HCV infection com-
pared to those in normal controls but that within HCV-in-
fected livers, hepatocytes in regional areas of HCC contain
drastically reduced levels of SOCS3 compared to those in non-
HCC areas (44). The lower levels of SOCS3 in HCC liver
regions correlate with increased STAT3 activation, which may
lead to enhanced expression of antiapoptotic molecules such as
Bcl-2 and Bcl-XL and promote cancer development. Further
studies will be required to determine the cause of differential
regulation of SOCS proteins by HCV in different regions of the
liver.

Therapeutic potential. Because the exploitation of host
SOCS protein functions provides such a potent viral advan-
tage, these proteins also possess considerable therapeutic po-
tential. One of the most straightforward therapeutic applica-
tions of SOCS proteins has been shown in the context of
chronic HCV infection. The most common treatment for HCV
infection is the exogenous administration of IFN-� (17, 19),
given to augment the endogenous antiviral host response.
However, a significant proportion of patients, particularly
those with genotype 1 HCV infection, do not respond to ther-
apy (17, 19). Multiple studies have shown that HCV-induced
SOCS3 expression, which is known to inhibit endogenous host
IFN responses, can also be used as an independent predictor of
therapeutic response to IFN-� treatment (29, 49, 50). SOCS3
expression is elevated in nonresponders compared to that in

responders in both peripheral blood mononuclear cells (49)
and hepatic tissue (29). These data also provide evidence that
differences in HCV-induced SOCS3 expression may be depen-
dent on both viral and host factors. Patients with genotype 1
HCV infection tend to have higher levels of SOCS3 expression,
providing a rationale for their propensity toward a lack of
therapeutic response (29, 49). In addition, patients with a par-
ticular SOCS3 genotype (�4874 AA) also express SOCS3 at
elevated levels and consequently have a poorer response to
therapy (50). Not all studies agree, however, as one report
suggests that elevated levels of SOCS1 but not SOCS3 in the
livers of HCV-infected patients provide a better prediction of
response to viral therapy (26). Regardless, analyzing the levels
of SOCS protein expression in the HCV-infected patient may
allow for early prediction of therapeutic response and there-
fore more appropriate treatment decisions. This correlation
may also provide the information necessary for developing a
more effective treatment in the future.

One therapeutic strategy to consider would be suppression
of SOCS protein levels or function during viral infection. The
effectiveness of this approach in dampening viral replication
has been explored in a small number of studies. A dnSOCS1
construct containing a point mutation in the KIR (F59D),
previously shown to cause destabilization of both SOCS1 and
SOCS3 (23), was evaluated in the treatment of coxsackievirus
infection (75). In an in vitro reporter assay, dnSOCS1 en-
hanced heart-protective CT-1-induced STAT3 activity and
overcame STAT3 inhibition in response to SOCS1 overexpres-
sion in cardiomyocytes. In addition, it was able to sustain
STAT1 and STAT3 phosphorylation in response to the innate
antiviral agents IFN-� and CT-1, respectively. In vivo, injection
of dnSOCS1 into the hearts of coxsackievirus-infected mice
attenuated both virus replication and cardiomyocyte damage.
These studies suggest that dnSOCS1, by reducing levels of
coxsackievirus-induced SOCS1 and SOCS3, allows endoge-
nous antiviral JAK/STAT signaling to protect the heart from
viral infection. Another SOCS1 antagonist, a peptide mimic of
the phosphorylated JAK2 activation loop (pJAK2), exhibits
even broader antiviral activity. By binding the KIR of SOCS1
and preventing its function, pJAK2 has been shown to reverse
the inhibition of SOCS1 overexpression on IL-6-induced
STAT3 phosphorylation and to enhance reporter assay activity
at the promoter of antiviral target genes in response to IFN-�
(71). Keratinocytes, which are highly susceptible to HSV-1
infection due to virus-induced SOCS1 expression, are pro-
tected from HSV-1-induced death following pretreatment with
pJAK2 (18). Treatment with pJAK2 alone enhances keratino-
cyte survival only modestly, while cotreatment with IFN-� re-
sults in complete protection. These data indicate that pJAK2 is
sufficient to attenuate SOCS1 function, thereby allowing either
endogenous or exogenous JAK/STAT signaling pathways to
exert their antiviral effects, and to promote keratinocyte sur-
vival. In a similar manner, pretreatment of mice with pJAK2
also provides protection against lethal vaccinia and encepha-
lomyocarditis virus infections (1). While these examples are
limited and preliminary, they suggest that manipulation of
SOCS proteins is possible during viral infection and may pro-
vide a potent mechanism for inhibiting viral replication.

Enhanced expression of SOCS proteins during viral infec-
tion may actually be favorable for one therapeutic strategy.
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Oncolytic HSVs (oHSVs) are robust anticancer therapeutics
engineered to infect and replicate within tumor cells, thereby
reducing tumor burden through direct cell lysis. A recent study
has shown that the ability of the oHSV vector G207 to replicate
within target cells and thereby have a therapeutic effect is
dependent on its induction of SOCS1 (34). oHSV induced
SOCS1 and inhibited STAT1 activation in cells permissive for
replication but not in cells where replication was poor. SOCS1
knockdown in oHSV-permissive cells resulted in a �10-fold
decrease in viral replication. Therefore, oHSV-induced expres-
sion of SOCS1 is critical for the susceptibility of cells to viral
replication and, consequently, to therapeutic effect. Exogenous
overexpression of SOCS1 by therapeutic viral vectors has been
proposed in order to inhibit the host innate immune response
(57). This type of strategy may enhance the range and efficacy
of viral vectors in the future.

Manipulation of SOCS proteins may even be used to prevent
viral infection entirely. Currently utilized vaccine strategies
have been unable to produce a meaningful immune response
to vaccination with HIV-1 antigens (3). One obstacle is that
endogenous SOCS1 expression in host dendritic cells (DCs)
inhibits effective antigen presentation to T and B cells, thereby
limiting immune activation (22, 61). In a series of experiments
comparing mice immunized with either normal or SOCS1-
depleted DCs carrying the HIV-1 envelope protein gp120,
Chen and colleagues showed that DC function is enhanced in
the absence of SOCS1, allowing for more robust cellular and
humoral responses to HIV-1 antigens (64). Immunization with
SOCS1-depleted DCs resulted in more-robust CTL activity
against gp120-pulsed target cells, along with increased num-
bers of IFN-�- and perforin-positive CD8� T cells. Gp120-
specific CD4� T cells were also present in greater numbers in
vivo and exhibited increased proliferation and increased pro-
duction of both TH1- and TH2-polarizing cytokines following
interaction with gp120-pulsed DCs ex vivo. The HIV-1-specific
humoral response was also enhanced. The number of gp120-
specific IgG-producing B cells was increased, as were markers
of their activation state and their production of gp120-specific
antibodies. In addition, mice immunized with SOCS1-depleted
DCs generated a much longer lasting immune response, exhib-
iting drastically superior gp120-specific CTL and antibody re-
sponses 6 months after immunization compared to those of
mice immunized with SOCS1-containing DCs. Together, these
data indicate that SOCS1 expression in DCs critically regulates
anti-HIV immunity and that an enhanced but balanced cel-
lular and humoral response can be generated against HIV-1
antigens in the absence of SOCS1. In light of these results,
the authors further examined whether the administration of
SOCS1 small interfering RNA (siRNA) expressor DNA
(pSuper-SOCS1-siRNA) could enhance the potency of a
coadministered HIV-1 DNA vaccine. Coadministration of
SOCS1 siRNA increased gp120-specific antibody titers as
well as CTL and CD4� T cell responses, suggesting that
limiting SOCS1 expression may be an effective adjunct to
current vaccine development strategies.

CONCLUSIONS

Virus-induced SOCS proteins represent a powerful tool for
virus survival. They can mediate inhibition of the JAK/STAT

pathway, allowing viruses to evade the host immune response,
or viral protein ubiquitination, facilitating protein trafficking
and progeny virus assembly. Virally enhanced expression of
SOCS proteins also has a profound role in determining the
presentation of viral disease, due to its peripheral effects on the
host organism. Understanding the role of SOCS proteins in
the context of viral diseases will provide us not only with a
better understanding of the complexities of virus-host interac-
tions but also potentially with new therapeutic targets.
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